Looking at still images of body parts in situations that are likely to cause pain has been shown to be associated with activation in some brain areas involved in pain processing. Because pain involves both sensory components and negative affect, it is of interest to explore whether the visually evoked representations of pain and of other negative emotions overlap. By means of event-related functional magnetic resonance imaging, here we compare the brain areas recruited, in female volunteers, by the observation of painful, disgusting, or neutral stimuli delivered to one hand or foot. Several cortical foci were activated by the observation of both painful and disgusting video clips, including portions of the medial prefrontal cortex, anterior, mid-, and posterior cingulate cortex, left posterior insula, and right parietal operculum. Signal changes in perigenual cingulate and left anterior insula were linearly related to the perceived unpleasantness, when the individual differences in susceptibility to aversive stimuli were taken into account. Painful scenes selectively induced activation of left parietal foci, including the parietal operculum, the postcentral gyrus, and adjacent portions of the posterior parietal cortex. In contrast, brain foci specific for disgusting scenes were found in the posterior cingulate cortex. These data show both similarities and differences between the brain patterns of activity related to the observation of noxious or disgusting stimuli. Namely, the parietal cortex appears to be particularly involved in the recognition of noxious environmental stimuli, suggesting that areas involved in sensory aspects of pain are specifically triggered by observing noxious events.
Introduction
Our ability to recognize noxious environmental events and pain in other people is likely to play an important protective and social role, allowing for vicarious learning about dangers and for prosocial behavior toward conspecifics (Williams, 2002; Goubert et al., 2005) . There is evidence for shared neuronal networks in the human brain, active when we both feel our own emotions and observe emotional reactions in others; these networks might underlie our ability to empathize (Adolphs, 2002; Decety and Jackson, 2004; Gallese et al., 2004) . Recently, considerable interest has been devoted to the neural correlates of "empathy for pain," which have been investigated with different experimental paradigms (de Vignemont and Singer, 2006; Jackson et al., 2006a) .
In a first approach, the brain responses associated with knowing that one's own partner was receiving a painful stimulation, as indicated by a symbolic visual cue, were explored by functional magnetic resonance imaging (fMRI) (Singer et al., 2004) . A second approach has been to study the fMRI activity engaged by observing pain-related behavior of unknown subjects [facial expressions of pain (Botvinick et al., 2005; Simon et al., 2006; Lamm et al., 2007; Saarela et al., 2007) ]. In a third approach, viewing pictures of body parts of unknown actors in painful situations was compared with viewing nonpainful stimuli, using fMRI (Morrison et al., 2004; Jackson et al., 2005 Jackson et al., , 2006b Gu and Han, 2007; , transcranial magnetic stimulation (Avenanti et al., 2005 (Avenanti et al., , 2006 , or electroencephalography (Bufalari et al., 2007) .
Despite the different kinds of information conveyed by visual stimuli in the above mentioned paradigms, anterior insular and anterior mid-cingulate cortex (aMCC) responses were commonly found when comparing painful with neutral conditions. The involvement of parietal areas, such as the primary somatosensory cortex (SI) (Bufalari et al., 2007) , parietal operculum (PO), and/or posterior parietal cortex (Botvinick et al., 2005; Jackson et al., 2006b; Singer et al., 2006; Ogino et al., 2007; Moriguchi et al., 2007; Saarela et al., 2007) , has also been demonstrated, although less consistently.
An important and essentially unresolved issue concerns the specificity of brain activity associated with observing and representing painful conditions compared with other negative emotional states or unpleasant stimuli (Godinho et al., 2006; Simon et al., 2006; Ogino et al., 2007) . Indeed, although pain-and emotion-related processes clearly overlap to some extent (Rainville, 2002) , the conscious experience of acute pain always involves a specific sensory dimension. Moreover, pain expression has been described to be unique and distinct from those of basic emotions (Williams, 2002; Simon et al., 2008) .
In the present study, we aimed at investigating the similarities and differences between the brain circuits involved in recognizing different kinds of unpleasant and aversive cutaneous stimuli (painful vs disgusting), using an eventrelated fMRI design. We hypothesized that the activity of parietal cortices, which are likely to play a crucial role in the sensory dimension of pain (Porro, 2003; Price et al., 2003) , would differ when observing painful or nonpainful unpleasant events.
Materials and Methods
Volunteers. Fifteen right-handed healthy women (age, 19 -31 years; mean, 23.5 years) , with no history of neurological or psychiatric illness, took part in the fMRI study. We chose to perform experiments only in female volunteers as in a previous study on pain empathy (Singer et al., 2004) , in light of potential gender differences in empathy processes and modulation (Decety and Jackson, 2004; Singer et al., 2006) . Handedness was assessed by means of the Edinburgh Inventory (Oldfield, 1971) . All subjects gave their written informed consent to take part in the study, which had been approved previously by the local Ethics Committee. Stimuli validation. One hundred five video clips were presented to a group of 14 women (age, 21-57 years; mean age, 35.1 years), different from the ones who subsequently took part in the fMRI study. We chose to present video clips to offer a more realistic representation than that provided by still pictures. Each video clip lasted 1 s and represented the right hand or the right foot of an unknown male actor, in one of three different conditions: neutral (N), painful (P), and disgusting (D). In the neutral condition, the hand/foot was touched by a neutral stimulus (e.g., a ball or a pen); in the disgusting condition, it was touched by a disgusting stimulus (spider, beetle, earthworm, or grasshopper); in the painful condition the hand/foot was wounded by a knife or a syringe. Although the term "disgust" is etymologically related to aversive stimuli in the olfaction and taste domains, by extension it has become associated with other classes of stimuli causing strong dislike and repulsion, such as some animal species, deformed body parts, poor hygiene, and body products (Calder et al., 2000; Schienle et al., 2002) . In the present study, we chose to present animals touching body parts to make the disgusting stimuli as similar as possible to the other two classes with respect to skin contact. Both painful and disgusting video clips represented a biological agent acting on the skin: a human hand holding a sharp or rounded tool/object for painful or neutral stimuli, respectively; an animal falling on the skin for disgusting stimuli. After each stimulus presentation, the volunteers were asked to rate how disgusting and painful was the video clip on two separate 0 -10 point scales. The video clips rated as the most painful or the most disgusting were selected for the fMRI study.
Experimental design. The final set of video clips presented during the fMRI experiments comprised 20 neutral stimuli (10 representing the right hand and 10 representing the right foot; mean D rating obtained in the validation study, 0.03; mean P rating, 0.09), 20 disgusting stimuli (10 representing the right hand and 10 representing the right foot; mean D rating, 4.31; mean P rating, 1.36), and 20 painful stimuli (10 representing the right hand and 10 representing the right foot; mean D rating, 3.99; mean P rating, 7.85). Examples of frames taken from the video clips are presented in Figure 1 . In each video clip, the hand or foot appeared in an allocentric viewpoint. Each video clip was presented only once and covered a visual angle of 12-13°, depending on the subject's head position.
An event-related paradigm was used. Five runs, 12 trials each, were performed, for a total of 60 trials for each subject. In each trial, the volunteers were asked to watch a video clip carefully and, after a 10 s interval, to rate the perceived unpleasantness of the stimulus. To this end, they had to use their right-hand to rotate a knob; this moved a red cursor on a visual analog scale (VAS) that was projected on the screen for 5 s, anchored at "not unpleasant at all" and "the highest imaginable unpleasantness." Volunteers were accustomed to the rating procedures before the actual fMRI experiments.
Each trial lasted 26 s and began with a brief change of the background color (from black to blue) as a visual warning cue. Then the following events ensued: black screen (ϳ500 ms), stimulus presentation (1 s), black screen (10 s), VAS presentation (5 s), black screen (9 s) (Fig. 2) . The warning cue was introduced to prompt subjects about the occurrence of the next video clip but did not provide any hint about the kind of the represented stimulus (N, D, or P) or body site (hand or foot). Behavioral Sample frames extracted from some video clips representing painful (left), disgusting (middle), and neutral (right) stimuli. All video clips began with 200 -400 ms of a static hand or foot picture, followed by a stimulus rapidly approaching and contacting the skin. Needles and knifes apparently punctured the hand or foot, but actually they did not: the images were digitally corrected to simulate bleeding. responses were collected during the scanning sessions by means of a custom-made software developed in Visual Basic 6 (http://digilander. libero.it/marco_serafini/stimoli_video/). The same software was used to present stimuli via the IFIS (Invivo, Orlando, FL) remote display. VAS ratings were transformed in a numerical scale (0 -100).
At the end of the scanning session, the volunteers were presented again with the same video clips and asked to rate how disgusting and painful they had perceived each video clip during the scanning session on two separate 0 -10 point scales. Moreover, they were asked to complete an Italian version of a Fear Survey Schedule (IP-R) (Sanavio et al., 1986) . The IP-R provides quantitative information about subjects' reactions to a great variety of fearful stimuli on five categories: "natural disasters, injury, illness, and death," "social phobia," "harmless animals," "agoraphobia and claustrophobia," and "blood and medical procedures."
fMRI data acquisition and analyses. Data were acquired with a Philips Intera system at 3 T and a gradient-echo echo-planar sequence [repetition time (TR), 2000 ms; echo time (TE), 30 ms; field of view, 240 mm; 128 ϫ 128 matrix; 24 oblique slices approximately parallel to the Sylvian fissure, 3 mm each with a 0.5 mm gap]. A high-resolution T1-weighted anatomical image was acquired for each subject to allow anatomical localization (TR, 9.9 ms; TE, 4.6 ms; 170 sagittal slices; voxel size, 1 ϫ 1 ϫ 1 mm). The Matlab 6.5 and SPM2 (Wellcome Department of Imaging Neuroscience, London, UK) softwares were used for data analysis. For each subject, all functional volumes were realigned to the first volume acquired, slice time corrected, normalized to the MNI (Montreal Neurological Institute) template implemented in SPM2, and smoothed with a 6 ϫ 6 ϫ 9 mm full-width at half-maximum Gaussian kernel.
Data analysis was performed by means of the SPM2 general linear model. The different stimuli (P, D, or N, hand or foot video clips) and the rating period were entered as regressors. We report here only the results concerning the observation of video clips. We used a 2 ϫ 3 factorial design. The first factor was the body part (hand or foot), and the second factor was the condition (neutral, disgusting, or painful). For each volunteer, video clips were assigned to the different conditions based on her individual behavioral responses. First, the on-line VAS ratings were used to discriminate between neutral and unpleasant stimuli. The cutoff was set at 15 on the unpleasantness scale (0 -100). The distinction between painful and disgusting stimuli was made on the basis of the volunteer's postscan behavioral responses; stimuli were considered to be painful if they were assigned a higher score for painfulness than for disgust and vice versa.
Condition effects were estimated according to the general linear model, and condition-specific effects were compared using several linear contrasts. The individual contrast images were then submitted to a second-level random-effect analysis with separate one-sample t test. A double statistical threshold (intensity and spatial extent) was adopted: only clusters with a voxelwise intensity threshold of p Ͻ 0.001 (uncorrected) and a spatial extent threshold of p Ͻ 0.05 (uncorrected) were considered to be significant. To investigate the spatial overlap of regions displaying selective fMRI signal increases during the observation of both painful and disgusting video clips, we performed a conjunction analysis of the two contrasts, painful versus neutral and disgusting versus neutral
An additional analysis was performed to map regions whose activity was related to the perceived unpleasantness. To this end, a parametric analysis was first conducted in each subject to reveal the cortical regions whose activity showed a linear relationship with the unpleasantness ratings. Subsequently, to take into account the individual differences in susceptibility to the experimental stimuli, both the contrast images obtained from this parametric analysis and the IP-R general score for each single subject were entered in a second-level simple regression analysis. For all analyses, coordinates in Talairach space (Talairach and Tournoux, 1988) were obtained by applying the Matthew Brett correction (mni2tal: http://www.mrc-cbu.cam.ac.uk/Imaging/mnispace.html) to the SPM MNI coordinates.
Behavioral data analyses. Subjective postscan ratings were compared by an ANOVA with three factors: condition (pain, disgust, and neutral), limb (hand and foot), and rating (painful and disgusting). To compare the perceived unpleasantness during the fMRI experiments, a separate ANOVA was performed with two factors: condition (pain, disgust, and neutral) and limb (hand and foot). Post hoc analyses were done using the Scheffé's test for multiple comparisons.
Results

Subjective ratings
Mean Ϯ SEM scores of perceived unpleasantness, painfulness, and disgust for the different classes of visual stimuli, in the 15 volunteers taking part to the fMRI study, are reported in Figure 3 . ANOVA on postscan scores showed a significant effect of the factors condition (F (2,28) ϭ 95.75; p Ͻ 0.0001), rating (F (1,14) ϭ 9.92; p Ͻ 0.0001), and their interaction (F (2,28) ϭ 85.4; p Ͻ 0.0001). Post hoc analyses showed that pain ratings were higher for P videos than for both D and N videos ( p Ͻ 0.0001 in both instances), whereas disgust ratings were higher for D videos than for both P ( p Ͻ 0.02) and N ( p Ͻ 0.0001) videos. No significant difference was found in subjective ratings for limb (hand or foot).
Perceived unpleasantness was significantly different between P, D, and N videos (F (1,14) ϭ 164.83; p Ͻ 0.0001), but no differences were found according to limb. Post hoc analyses showed that scores of perceived unpleasantness were significantly higher for P and D than N videos ( p Ͻ 0.0001 in both instances); also, they were significantly higher for P than for D videos ( p Ͻ 0.05).
fMRI data
When contrasting observation of stimuli to the hand or foot, no cluster was detected meeting the adopted statistical threshold; therefore, video clips depicting the hand or foot were considered together for additional analyses. As expected, observation of each class of stimuli (N, P, or D) induced higher fMRI signals with respect to baseline in a large array of cortical areas: active foci were found in the bilateral occipito-temporal and frontal premotor cortex, as well as in posterior parietal areas, mainly of the left hemisphere (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material).
fMRI activity changes related to the observation of unpleasant stimuli Cortical foci activated when comparing the observation of painful and neutral video clips (P Ϫ N) were found in the perigenual anterior cingulate cortex (pACC) and in the left inferior postcentral gyrus (Fig. 4, top ; Table 1 ). The reverse contrast (N Ϫ P) showed clusters in the prefrontal cortex, middle frontal gyrus, inferior parietal lobule (IPL), and medial parietal cortex/superior parietal lobule of the right hemisphere (Table 1) . Regions of higher activity during the observation of disgusting than during the observation of neutral video-clips (D Ϫ N) were detected in the medial prefrontal cortex (MPF)/subgenual ACC (sACC), MCC, posterior cingulate cortex (PCC), and right PO (Fig. 4, bottom, Table 2 ). The reverse contrast (N Ϫ D) revealed clusters in the right superior frontal gyrus and IPL (Table 2 ).
In the conjunction analysis [(P Ϫ N) ϩ (D Ϫ N)], active foci were found in the sACC/MPF cortex, MCC and PCC, the left posterior insula, and the right PO (Fig. 5, Table 3 ).
Clusters that were more active during the observation of neutral stimuli than during the observation of both kinds of unpleasant stimuli [(N Ϫ P) ϩ (N Ϫ D)] were found in the right middle and superior frontal gyri and in the right IPL/supramarginal gyrus (Table 3 ) (supplemental Fig. 2 , available at www.jneurosci. org as supplemental material).
fMRI activity changes specifically related to the observation of painful or disgusting stimuli Clusters that were significantly more active during the observation of painful than disgusting stimuli [(P Ϫ N) Ϫ (D Ϫ N)] were found in the left parietal cortex (Table 4, Fig. 6 ). One focus was centered in the PO and extended toward the adjacent IPL and inferior postcentral gyrus. Two more dorsal foci included portions of the postcentral gyrus and posterior parietal cortex. It is worth noting that no significant fMRI signal decrease was found in these regions when comparing disgusting to neutral stimuli (Table 2) . Similar results were obtained by the direct comparison (P Ϫ D) (data not shown). Clusters in PCC and medial parietal cortex were significantly more active during the observation of D than P stimuli [(D Ϫ N) Ϫ (P Ϫ N)] (Table 4) . However, whereas the PCC cluster appears to be specifically related to an increase in activity during the observation of D stimuli, the clusters in the medial parietal cortex reflects a significant decrease of fMRI signals during the observation of P versus N stimuli (Fig. 7, Table 1 ).
Parametric analysis
In the parametric analysis using the unpleasantness ratings only, no significant cluster was detected at the adopted statistical threshold. However, when the individual differences in susceptibility were taken into account (see Materials and Methods), active foci related to unpleasantness were found in the left anterior insula and superior parietal lobule, as well as in the sACC and in the right middle frontal gyrus (Table 5 , Fig. 8 ).
Discussion
To our knowledge, this is the first fMRI study aimed at comparing the neural circuits involved in the visual detection of noxious versus other unpleasant/aversive stimuli delivered at specific body parts. Our results show partially overlapping brain networks, which may underlie affective and motor reactions to the observation of different kinds of aversive events (Decety and Jackson, 2004; Gallese et al., 2004) . Specific increases in the activity of left parietal foci were related to noxious versus disgusting events.
Brain regions involved in the observation of unpleasant stimuli
The cingulate cortex and insula are key structures in processing information about emotionally relevant somatosensory stimuli and in the associated bodily and vegetative reactions (Craig, 2003; Critchley et al., 2004 : Vogt, 2005 Tsuchiya and Adolphs, 2007) ; our findings extend the results obtained in different models of pain empathy (see Introduction), as well as in studies focusing on negative facial expressions unrelated to pain (for review, see Adolphs, 2002; Phan et al., 2002) .
The enhanced activity in the anterior cingulate is interesting in light of its proposed role in pain affect (Vogt, 2005; Kulkarni et al., 2007) . The subcallosal portion is anatomically and functionally connected with the medial orbitofrontal and ventral posterior cingulate cortices (Vogt et al., 2006; Margulies et al., 2007) , which in turn can be involved in self-monitoring and judgment about one's own and other individuals' emotional states (Ochsner et al., 2004; Vogt, 2005) .
pACC foci have rarely been described so far in association with the observation of noxious events (Morrison et al., 2004) ; indeed, an intriguing difference between our present data and previous studies (Jackson et al., 2006a) is the more consistent activation in pACC than in aMCC. The most likely explanation lies in differences in the cognitive sets in the various studies. First, our event-related experimental design likely minimized anticipation-related effects, which can enhance aMCC activity (Ploghaus et al., 1999; Porro et al., 2002; Nitschke et al., 2006) . Second, our volunteers rated unpleasantness after each stimulus, and there is evidence that attention to the perceived unpleasantness selectively increases blood flow in pACC/sACC (but not in MCC) after painful laser stimuli (Kulkarni et al., 2005) .
Both kinds of aversive stimuli can implicitly trigger stereotyped withdrawal reactions, which may involve pMCC (Niddam et al., 2005; . The putative nodes of the human mirror system [ventral premotor cortex and posteroinferior parietal cortex (Rizzolatti and Craighero, 2004) ] were also active in all three conditions, probably in relation with the observation of body part movements; however, we found no activation in these areas specific for the aversive stimuli.
Our findings of the left anterior insula focus whose activity was related to the perceived unpleasantness, depending on each subject's susceptibility to the stimuli, is in line with electrophysiological (Krolak-Salmon et al., 2003) , lesion (Calder et al., 2000) , and brain mapping (Phillips et al., 1997; Schienle et al., 2002; Wicker et al., 2003; Wright et al., 2004 ) studies on the involvement of this region in feeling and recognizing disgust. The results of a meta-analysis on neuroimaging studies of emotion (Wager et al., 2003 ) also showed an above-chance density of withdrawal-related activation foci in the left (but not in the right) mid-insula. In contrast, the focus in the left posterior insula appears to be predominantly involved in representing noxious stimuli (Peyron et al., 2002) .
The overlapping activation in the right PO during the observation of noxious and disgusting events is interesting in light of the evidence for the involvement of right somatosensory-related cortices during the observation of facial expressions of pain (Botvinick et al., 2005) and in the recognition of basic emotions from facial expressions (Adolphs et al., 2000) . These latter results were interpreted as if emotion recognition may involve construction of on-line somatosensory representation by internal simulation (Adolphs, 2002; Gallese et al., 2004) .
Activation of the parietal cortex: a way for recognizing noxious environmental events? Our findings of left parietal foci related to the observation of painful stimuli add to recent evidence of the involvement of cortical areas in or around PO during the observation of somatosensory stimuli, either innocuous Blakemore et al., 2005) or noxious (Jackson et al., 2006b; Lloyd et al., 2006; Moriguchi et al., 2007) , as well as in other paradigms of pain empathy .
The PO and adjacent portion of IPL are likely to play a significant role in attention to noxious stimuli (Duncan and Albanese, 2003) . Indeed, neurons in PO and IPL have visual responses and display more intense neuronal activation after actual noxious than non-noxious somatosensory stimuli (Dong et al., 1994) . Parietal areas are involved in sensory-discriminative aspects of pain (Porro, 2003; Price et al., 2003) and specifically in the spatial localization of painful stimuli (Kanda et al., 1999; Oshiro et al., 2007; Porro et al., 2007) and are heavily connected with insular and cingulate cortices (Craig, 2003; Vogt, 2005) . The location of active foci during the observation of painful events is similar to that found during actual noxious mechanical stimulation of the right hand (Lui et al., 2008b) . In contrast, noxious-related foci we found in the left inferior parietal cortex are far more rostral than the ones active during the observation of fearful bodily expressions (de Gelder et al., 2004) or of facial expressions of pain (Saarela et al., 2007) .
In the present study, we did not explicitly instruct volunteers to imagine themselves experiencing pain (Jackson et al., 2006b; Ogino et al., 2007 ) while looking at noxious or unpleasant stimuli. Yet, observing a scene with somatic stimuli (e.g., a needle penetrating the skin of another individual) can elicit a sensation as if the stimulus acted on one's own skin: this experience is usually specifically related to the observed body part (Freedberg and Gallese, 2007) . Our finding that viewing images of wounds delivered to specific body parts yields to greater activation of parietal areas than viewing other emotional or neutral stimuli might be related to a difference in the degree of implicit "embodied simulation" (Damasio, 1994; Adolphs, 2002; Gallese et al., 2004) in the three conditions. This in turn might be attributable to the penetrating nature of the observed noxious stimuli (Avenanti et al., 2006) .
The embodied simulation theory would be more convincingly demonstrated by a somatotopic arrangement of observation-related foci in SI, which, in agreement with other fMRI studies (Jackson et al., 2005 (Jackson et al., , 2006b Cheng et al., 2007) , we could not demonstrate here. Conflicting results about visually evoked activity in SI have been obtained in fMRI Blakemore et al., 2005) and magnetoencephalographic (Schaefer et al., 2005) studies. Bufalari et al. (2007) demonstrated that viewing painful stimuli delivered to the hand of a human model increased the amplitude of the P45 component (thought to originate from the crown of the postcentral gyrus) of the brain potentials evoked by median nerve stimulation. Failure to show an observationinduced somatotopic activation by conventional fMRI techniques could be related to their inadequate sensitivity to detect weak and/or transient activations; high temporal and spatial resolution fMRI studies could be useful to address this issue.
Another explanation for pain-specific parietal foci may be related to the automatic initiation of movements to escape the potential source of pain. However, this explanation seems unlikely. First, avoidance behavior is likely to be triggered by disgusting stimuli, too. Second, the pattern of parietal activation does not seem to be specific to upper arm movement planning or imagery (Ruby and Decety, 2003; Lui et al., 2008a) . Third, they are not accompanied by a specific premotor/posterior parietal cortex activation.
Because we did not test the responses to stimuli presented to the left hand or foot, it remains to be investigated whether the differential left parietal activity is indeed related to the body side being observed. Nevertheless, our data suggest that parietal areas are involved in discriminating between noxious and other environmental unpleasant stimuli.
Our hypothesis is apparently in contrast with that proposed by Singer et al. (2004) , claiming that pain empathy is based on the activation of brain structures engaged in affective but not in the sensory experience of pain. As mentioned in Introduction, however, our volunteers faced a very different task from that investigated by Singer et al. (2004 Singer et al. ( , 2006 ; for instance, direct visual information on damaging stimuli was absent in the Singer et al. paradigm. There is recent evidence that top-down representations (e.g., related to intensity coding) of painful experiences do not necessarily involve the activation of parietal areas (Kong et al., 2006) , unless specific sensory features (e.g., spatial location) are recalled (Albanese et al., 2007) . However, the parietal cortex is consistently activated during actual acute pain perception (Porro, 2003) , as well as during pain anticipation (Sawamoto et al., 2000; Porro et al., 2002; Berns et al., 2006) . Our data support the hypothesis that recruiting brain regions involved in pain processing, including sensory-discriminative-related regions, underlie the recognition of noxious cutaneous stimuli on the basis of online visual information. 
